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Abstract 
Chemical fraction plays an influential role in solubility and potential bioavailability of heavy metals in soils. 
Seasonally flooding and iron reduction are significant environmental processes of paddy soil. They may influence the 
fractionation of cooper (Cu) in paddy soil. In this study, an anaerobic incubation experiment was conducted to 
simulate the anaerobic environment of flooded paddy soil. The fractionations of native and spiked Cu in paddy soil 
were determined using a modified sequential extraction procedure (SEP) method. The effects of flooding time on Cu 
fractions were determined. The effects of ferrihydrite on Cu fractions were also investigated to understand the 
interaction between Cu contamination and iron reduction process. The results showed that the native Cu in soil were 
most in the residual and organic matter fractions, but the more available fractions, such as, the exchangeable and 
carbonates fractions occupied only a little proportion. After flooding, the native Cu in soil released from organic 
matter fraction and crystalloid ferric oxides fraction, and transferred to the easy extracted fractions, such as, 
amorphous ferric oxides, carbonates and exchangeable fractions. The spiked Cu was easily absorbed by carbonates 
and organic matter in soil, but after flooding, the two fractions transferred into ferric oxides fraction, especially 
amorphous ferric oxides fraction. Similar phenomena were observed after adding ferrihydrite in soil except for the 
disposal of added 400mg/kg Cu. The process of iron reduction was inhibited significantly by Cu contamination and 
the inhibition of Cu contamination to iron reduction decreased after adding ferrihydrite. The transformation of Cu 
fractions had significant relation to the process of iron anaerobic reduction in paddy soil. 
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1. Introduction 
The application of pesticides, commercial fertilizers, and sewage sludge as well as air-borne pollution 
has led to a widespread accumulation of heavy metals in agricultural soils. In recent years, there has been 
an increasing concentration of heavy metals in agricultural soils in China as the results of the application 
of fertilizer and compost, wastewater irrigation, and the deposition of industrial pollutants [1]. Copper 
(Cu) is an essential nutrient element for plant growth and is a toxic heavy metal in excess concentrations.  
Xu et al. reported that the rice grain yields decreased exponentially and significantly with the increase of 
soil Cu levels, and more than 60 % of the Cu in grain was accumulated in polished rice [2]. The 
contamination of the food chain by Cu is detrimental to human and animal health. Therefore, soil Cu 
concentration and availability are of agricultural and environmental significance.  
The bioavailability and mobility of heavy metals in soil strongly depend on their physicochemical 
forms in soils, i.e. chemical fraction or speciation [3, 4]. It is important to understand chemical fractions 
of Cu in order to assess Cu availability and toxicity to crop plants in a contaminated soil. The sequential 
extraction procedure (SEP) was proposed by Tessier et al. [5], in which soil heavy metal was 
operationally fractionated into water soluble, exchangeable, weakly specifically adsorbed, Fe/Mn oxides-
bound, organically bound, and residual portions.   
Seasonally flooding, which is a significant environmental process in paddy soil, could influence soil 
physical, chemical and biological processes, and then affect the fate of heavy metals [6]. Iron reduction is 
an important process in paddy soil during flooding [7]. Iron oxides are important heavy metal sinks [8] 
and heavy metal release is associated with subsequent ferric oxides dissolution [9]. In our former study, it 
was investigated that Cu had significant effects on iron reduction [10]. There have been more research 
concerned about the fractionation of Cu in paddy soil [11-13], but a few have studied the dynamic 
transformation of Cu fraction during flooding and the interaction between Cu contamination and iron 
reduction process is still unknown.  
In the present study, an anaerobic incubation experiment as reported by He and Qu (2008) [14] was 
conducted to simulate the anaerobic environment of flooded paddy soil. The fractionations of native and 
spiked Cu in paddy soil were determined using the modified SEP method. The effects of flooding time on 
Cu fractions were determined. The effects of ferrihydrite on Cu fractions were also investigated to 
understand the interaction between Cu contamination and iron reduction process in paddy soil.  
2. Materials and methods 
2.1. Sample preparation 
Soil was taken from drained paddy field after harvesting, in Huilong town, Gonglai city, Sichuan, 
China. Soil sample was collected from the top 20 cm, removed the plant residual, air-dried, ground, and 
passed through a 20 mesh nylon sieve. Soil sample was kept in polyvinylchloride bottles at room 
temperature. The organic matter content in the soil was 48.9 g/kg, the total content of Cu was 35.3g/kg, 
the pH was 7.34 (in 5 parts H2O to 1 part soil), amorphous iron concentration was 3.08g/kg, and free iron 
concentration was 11.7g/kg. 
2.2. Anaerobic incubation 
Three gram soil was mixed with sterilized deionized water, Cu (SO4)2 solutions and ferrihydrite 
solution (5.96 g/kg Fe, 1mL), at a ratio of 1:1 (wt / vol) in a 10 mL sterilized serum bottle. Oxygen was 
removed by gassing nitrogen into the bottle at a ratio of 2 L/min (1.01×105 Pa) for 1 min. All the bottles 
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were sealed with butyl rubber cover and aluminum cap and then incubated at 25°C in the dark. The 
treatments were as follows, 0 mg/kg Cu, 100 mg/kg Cu, 400 mg/kg Cu, 0 mg/kg Cu + ferrihydrite, 100 
mg/kg Cu + ferrihydrite, 400 mg/kg Cu + ferrihydrite. There are 3 replications per treatment for each 
incubation period. 
2.3. Determination of ferrous iron 
Three vials were randomly selected from each treatment at day 0, 2, 6, 13, 21 and 31d of the 
incubation. Each vial was shaken vigorously to homogenize and then a 0.4 mL aliquot was removed from 
each culture and transferred to a screw top plastic tube containing 4.6 mL 0.5mol/L HCl. The samples 
were extracted for 24 h at 25 °C and then passed through a 0.22 m filter. Ferrous iron (Fe (II)) in the 
filtrate was determined using the ferron colorimetric method [15, 16].  
2.4. Fractionation and determination of Cu 
Fractionation of Cu in soil was determined by SEP method which was modified according to the 
reference [5]. Briefly, 1.6ml soil suspensions were taken from the serum vials, and extracted as follows: (i) 
exchangeable fraction (Exc-): 1.6 mL soil suspension was placed in a centrifuge tube and extracted at 
25 °C for 1 h with 10 mL of 1 mol/L Mg(NO3)2 at pH 7.0 with continuous agitation; (ii) carbonates bound 
fraction (Carb-): the residue from (i) was leached at 25 °C with 10 mL of 1 mol/L NaOAc-HOAc at pH 
5.0 for 4 h with continuous agitation; (iii) manganese oxides bound fraction (MnOx-): the residue from(ii) 
was extracted at 25 °C with 10 mL 0.1 mol/L NH2OH·HCl (pH 5.0), shook for 4 h; (iv) organic matter 
bound fraction (O.M.-): 5 mL distilled water was added to the residue from (iii) to disperse soil, then 10 
mL 30% H2O2 were added, and heated at 85 °C with continuous agitation, then cooled when nearly dried, 
and then disposal the residue again with 10 mL 30% H2O2, heated to nearly dry, extracted with 1 mol/L 
Mg(NO3)2 after cooled (the method was the same as exchangeable fraction); (v) amorphous ferric oxides 
bound fraction (AFe-): 20 mL of 0.2 mol/L (NH4)2C2O4 - 0.2 mol/L H2C2O4 (pH 3.0) was added to the 
residue from (iv), shook 4 h at dark; (vi) crystalloid ferric oxides bound fraction (CFe-): 20 mL of 0.2 
mol/L (NH4)2C2O4 + 0.2 mol/L H2C2O4 + 0.1 mol/L ascorbic acid (pH 3.0) was added to the residue 
from(v), heated at 96 °C for 1 h; (vii) Residual fraction (Res-): the residue from (vi) was digested with a 
HClO4 + H2SO4 + HNO3 mixture. The concentrations of Cu in the extracts were determined using an air-
acetylene flame atomic absorption spectrophotometer (AAS) Perkin-Elmer Model 800. Standard solutions 
were prepared from 1000 mg/L Cu stock solution.  
2.5. Data analysis and Quality Control 
The content of each copper fraction was calculated as fractionation coefficient which is the ratio of the 
content of each metal fraction to the total metal contents. Before any analysis was performed, all 
glasswares used were acid-washed to avoid any possible contamination.  The sum of all extraction steps 
for Cu had been calculated and compared with the total concentration of Cu.  Therefore, the method was 
acceptable since satisfactory recoveries which were 102.5% to 125.2%. 
3. Results 
3.1. Cu fractionation  in paddy soil 
Fig. 1 shows the fractionations of native and spiked Cu in paddy soil. The native Cu in soil were 
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mainly in the residual and organic matter fractions, which were 26.9% and 24.3% of total Cu in the soil 
respectively, then were the amorphous ferric oxide fraction and crystalloid ferric oxide fraction, which 
were 15.4% and 15.4% of the total soil Cu respectively, while the exchangeable, manganese oxide and 
carbonate fractions were little, which were 7.71%, 5.24% and 5.13% of the total soil Cu respectively. 
When added 100mg/kg Cu in the soil, the of carbonates and organic matter fractions Cu were increased 
significantly than the native Cu, which were 33.3% and 38.5% of the total soil Cu respectively. The 
carbonate fraction Cu was increased to 52.5% of the total soil Cu  when the concentration of the added Cu 
increased to 400 mg.kg-1. It indicated that the carbonates and organic matter played important roles for 
absorption of Cu in soil. 
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Fig. 1. Fractionations of native and spiked Cu in paddy soil. 
3.2. Effect of flooding time on Cu fractionation  
Fig.2 shows the fractionations of native and spiked Cu in paddy soil during flooding. It can be seen 
that the fractionations of native and spiked Cu in paddy soil were changed significantly with flooding. For 
the native Cu, the organic matter fraction rapidly decreased after 13 d flooding and then maintained 
approximately at a level of 5.60 %. The crystalloid ferric oxides fraction decreased about 3.93%. While 
the amorphous ferric oxides fraction increased obviously with an increment of 12.2 % after 30 d flooding. 
The exchangeable and carbonates fractions also had a little increased with flooding. It indicated that the 
native Cu in the paddy soil released from organic matter fraction and crystalloid ferric oxides fraction, 
and transferred to the easy extracted fractions, such as, amorphous ferric oxides, carbonates and 
exchangeable fractions with flooding.  
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Fig. 2. Fractionations of native and spiked Cu in paddy soil at different flooding times. (a) native Cu, (b) 100mg/kg Cu, (c) 400 
mg/kg Cu. 
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The spiked Cu was mainly in the carbonates and organic matter fractions. After 30 d flooding, Cu of 
the two fractions both decreased significantly. Such as, for the treatment of added 100 mg/kg Cu, the 
carbonates fraction decreased of 30.3 % and the organic matter fraction decreased of 36.1 % after 
flooding. The manganese oxides fraction also had a little decrease after flooding. In contrast, the 
amorphous ferric oxides fraction increased of 62.3 % and crystalloid ferric oxides fraction increased of 
6.28 % after flooding. The exchangeable fraction increased after 6 d flooding, and then decreased to the 
initial content after 30 d flooding. The residual Cu had no obvious change. The similar transformation of 
the fractions of Cu in paddy soil with flooding was observed for the treatment of added 400 mg/kg Cu. 
The results indicated that the spiked Cu was easily absorbed by carbonates and organic matter in soil, but 
after flooding, the two fractions transferred into ferric oxides fraction, especially amorphous ferric oxides 
fraction. 
3.3. Effect of ferrihydrite on Cu fractionation 
Fig. 3 shows the fractionations of native and spiked Cu in paddy soil added ferrihydirte at different 
flooding times. Comparing Fig. 3 with Fig. 2, it can be seen that, for the native Cu and spiked 100 mg/kg 
Cu, added ferrihydrite in soil had no obvious effect on the transformation of Cu fractions with flooding. 
However, for the disposal of added 400 mg/kg Cu in soil, the increments of the Cu of amorphous ferric 
oxides and crystalloid ferric oxides fractions after 30 d flooding which were 71.9 % and 6.79 %, were 
significantly higher than those of without added ferrihydrite, which were 47.0 % and 5.52 %. 
 
0 2 6 13 21 30
0
20
40
60
80
100
C
u 
F
ra
ct
io
n 
C
oe
ffi
ci
en
t (
%
)
 Flooding Time (d)
 Exc-  Carb-  MnOx-  O.M.-
 AFe-  CFe-   Res-    
(a)
 
0 2 6 13 21 30
0
20
40
60
80
100
(b)
C
u
 F
ra
ct
io
n
 C
o
e
ff
ic
ie
n
t 
(%
)
 Flooding Time (d)
0 2 6 13 21 30
0
20
40
60
80
100
C
u
 F
ra
ct
io
n
 C
o
e
ff
ic
ie
n
t 
(%
)
 Flooding Time (d)
(c)  
Fig. 3. Fractionations of native and spiked Cu in paddy soil added ferrihydirte at different flooding times. (a) native Cu, (b) 
100mg/kg Cu, (c) 400mg/kg Cu. 
3.4. Reaction between Cu contamination and iron reduction 
The Fe(II) concentration in paddy soils with different levels of Cu contamination at different flooding 
times were determined to investigate the reaction between Cu contamination and iron reduction. The 
results are shown in Fig. 4. From Fig. 4, it can be seen that the increment and increase rate of Fe(II) 
concentration in paddy soil during flooding was decreased when added Cu, especially for the disposal of 
added 400mg/kg Cu. It indicated the process of iron reduction was inhibited significantly by Cu 
contamination. As shown in Fig. 4 b, the increment and increase rate of Fe(II) concentration in paddy soil 
during flooding were both increased after adding ferrihydrite. It indicated that the inhibition of Cu 
contamination to iron reduction decreased after adding ferrihydrite. 
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Fig. 4. Fe(II) concentration of paddy soil with different level of Cu contamination at different flooding times. (a) without added 
ferrihydrite in soil, (b) added ferrihydrite in soil. 
4. Discussion  
Our results indicated a low bioavailability of Cu in the tested paddy soil. The native Cu in paddy soil 
were mainly in the residual and organic matter fractions, while the more available fractions, such as, the 
exchangeable and carbonates fractions occupied only a little proportion. But after flooding, the Cu in soil 
transferred to the easily available fractions. The native Cu in soil released from organic matter fraction 
and crystalloid ferric oxides fraction, and transferred to amorphous ferric oxides, carbonates and 
exchangeable fractions after flooding. Iron-reduction has been recognized as an important process in 
flooded soil. It have been reported that the content of crystalloid ferric oxides decrease, while amorphous 
ferric oxides significantly increase with flooding, which may be several hundred times than before 
flooding [17]. That may be the main reason why Cu in paddy soil transformed to amorphous ferric oxides 
bound fractions after flooding. The release of organic matters bound Cu may have relation to the 
decomposition of soil organic matter during flooding which may be utilized by anaerobic bacteria [18]. 
The reduction of manganese oxides is also an important process in flooding soil [19]. In our study, the 
transformation of manganese oxides bound Cu was not significant probably because the content of 
manganese oxides bound Cu was little. 
Comparing the results of native Cu and spiked Cu, it can be seen that for native Cu, the crystalloid 
ferric oxide bound Cu decreased with flooding, but the opposite phenomenon was observed for spiked Cu. 
The difference may be explained by the effect of Cu on the anaerobic reduction of iron oxides. It has been 
believed that the anaerobic reduction of iron oxides is mainly a process of microbial dissimilatory 
reduction [20, 21]. Heavy metal toxicity was one of the major factors affecting reduction of metal-
contaminated hydrous ferric oxides [22, 23]. Our results showed that the process of iron reduction was 
inhibited significantly by Cu contamination. That may be the main reason of the difference between the 
transformation of crystalloid ferric oxide bound native and spiked Cu. For the disposal of added 
400mg/kg Cu, the content of amorphous ferric oxides bound Cu was increased more than that of the 
treatment without ferrihydrite. This is available for Cu sequestration in soil, and then to decrease its 
toxicity on bacteria. That is why the inhibition of Cu on iron reduction decreased after adding ferrihydrite. 
It also can be observed that during the flooding time, Fe (II) concentration increased rapidly initially, then 
slowly or came to equilibrium. The turning time was consistent with that of the transformation of Cu 
fractions in soil. For instance, for the treatment of without adding ferrihydrite, the Fe (II) concentration in 
soil increased slowly after 13 d flooding (Fig. 4 a), accordingly, the change of fractionation of Cu in soil 
was slightly (Fig. 2). As shown in Fig. 4 b and Fig. 3, the corresponding flooding time of iron reduction 
and the transformation of Cu fractions was 6 d. As a result, it can be concluded that the transformation of 
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Cu fractions during flooding in paddy soil had significant relation to the process of iron anaerobic 
reduction. 
5. Conclusions 
From the study, it can be conclude that the fractionation of Cu in paddy soil significantly influenced by 
flooding time and Cu concentration, and iron reduction process played an important role on the 
transformation of Cu fractionation during flooding. The native Cu in soil were strongly absorbed by soil 
and most of the Cu could not be easily extracted, but it transferred to the easy extracted fractions, such as, 
amorphous ferric oxides, carbonates and exchangeable fractions after flooding. The spiked Cu was easily 
absorbed by carbonates and organic matter in soil, and after flooding, the two fractions transferred into 
ferric oxides fraction. The process of iron reduction was inhibited significantly by Cu contamination and 
the inhibition of Cu contamination to iron reduction decreased after adding ferrihydrite. The 
transformation of Cu fractions had significant relation to the process of iron anaerobic reduction in paddy 
soil. 
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